We studied the effects of cyclic AMP (cAMP) on HCO3 transport by rabbit cortical collecting tubules perfused in vitro. Net HCO3 secretion was observed in tubules from NaHCO3-loaded rabbits. 8-Bromo-cAMP-stimulated net HCO3-secretion, whereas secretion fell with time in control tubules. Both isoproterenol and vasopressin (ADH) are known to stimulate adenylate cyclase in this epithelium; however, only isoproterenol stimulated net HCO3 secretion.
Introduction
Net HCO3 secretion has been described in cortical collecting tubules dissected from alkali-loaded rats and rabbits (1) (2) (3) (4) , but little is known about the hormonal control of this process. Although initial studies by Knepper et al. suggested that chronic mineralocorticoid administration stimulates HCO3 secretion by the cortical collecting tubule (5) , subsequent investigation has shown that this stimulation is secondary to the accompanying metabolic alkalosis rather than a direct hormonal affect on HCO-transport (6) . In contrast, cyclic nucleotides directly stimulate HCO5 secretion in a number of epithelia including salivary gland (7), small intestine (8) , and choroid plexus (9) . The present studies on rabbit cortical collecting tubules have focused on cyclic AMP (cAMP) and two hormones known to stimulate adenylate cyclase in this nephron segment, namely, vasopressin (ADH)' and isoproterenol (10) . Our experiments demonstrate that cAMP stimulated HCO-secretion and address the mechanism of this stimulation.
Methods
General microperfusion methods. In vitro microperfusion of cortical collecting tubules was performed as previously described (11) . In studies examining HCO-secretion, tubules were dissected from rabbits given normal rabbit chow ad lib. and drinking water consisting of 0.075 M NaHCO3 and 0.1 M glucose for 3-14 d before study. In studies examining acidification (HCO-reabsorption), tubules were dissected from rabbits starved for 3 d and given a drinking solution of 0.075 M NH4CI and 0.1 M glucose for 3-7 d before study. Female New Zealand white rabbits from either of these two groups were killed by decapitation, the left kidney was quickly removed, 1-2-mm coronal slices were cut, and dissection was performed at 4VC. Tubules were transferred to a thermostatically controlled chamber of 1 ml vol and were connected to perfusing and holding pipettes. Continuous bath exchange at .0.6 ml/min was begun, and the temperature of the chamber was warmed to 380C. After a 60-min equilibration period, collections were begun.
Collected fluid spontaneously filled a calibrated volume pipette (CVP) under water-equilibrated mineral oil. CVP volumes ranged from 23-33 n1. In all periods, 3-4 collections for HCO-concentration (total 1 Table II . There were highly significant differences in all three parameters between the two groups.
cAMP, ADH, and isoproterenol effects on net HCO3 secretion. In this group of experiments, net HCO5 secretory rates were measured in tubules harvested from HCO--loaded rabbits; perfusate was solution A, and bath was solution B. Fig. 1 shows the results of time control experiments. The HCO3 secretory rate fell with time (paired A = +3.84±1.09 pmol/ mm per min, P < 0.02). The VT (-8.3±2.4 mV) did not significantly change with time (paired A = -1.5±1.6 mV).
In contrast to these spontaneous time-dependent changes, 8-bromo-cAMP (0.1 mM) added to the bath ( Fig. 2 ) stimulated net HCO-secretion (paired A = -4.53±1.29 pmol/mm per min, P < 0.025 by paired analysis, P < 0.001 by unpaired analysis to time controls). Associated with this change in HCO5 flux, cAMP depolarized VT from -21.8±4.7 to + 12.8±5.7 mV (paired A = +34.6±7.9 mV, P <0.02). Perfusion rates in control and experimental periods were not significantly different (paired A = 0.046±0.019 nl/mm length per min).
Both ADH and isoproterenol stimulate adenylate cyclase in the rabbit cortical collecting tubule (10) . Therefore, we examined the effects of these two hormones on HCO-secretion. 5.16±0.45* (8) 7.35+0.04* (9) 12.6±2.2* (7)
* Significantly different from HCO--loaded group at P < 0.0001. Neither the change in VT produced by cAMP nor that produced by isoproterenol showed a significant correlation with the baseline values of VT (r = -0.69 and -0.50, respectively; NS). Likewise, the changes in HCO5 secretion produced by cAMP and isoproterenol did not correlate with the changes secretion, by stimulating HCO-secretion, or both. In the following experiments, we addressed these possibilities, using basolateral addition of the disulfonic stilbene DIDS. The perfusate and bath solutions were the same as in the previous studies.
The effect of basolateral DIDS on H' secretion was examined in tubules dissected from NH4C1-loaded, starved rabbits (Fig. 5) . These tubules exhibited baseline net reabsorption of HCO-that was reduced to zero after addition of bath DIDS; i.e., H' secretion was completely inhibited (paired A = -3.70±1.16 pmol/mm per min, P < 0.05; post-DIDS -1.69±1.92 SD pmol/mm per min, NS from zero). VT did not significantly change with DIDS (paired A = -1.0+1.9 mV, NS). These results are consistent with the known effects of basolateral disulfonic stilbenes on acidification in the turtle bladder (13), medullary collecting tubule (14) , and cortical collecting tubule (15) , and demonstrate that bath DIDS was a potent inhibitor of H' secretion in our system. In time controls from acid-loaded, starved rabbits (n = 4, not shown), the HCO3 reabsorptive rate did not change (1.94±1.32 period 1, 1.45±1.63 period 2, A = NS). As shown in If HCO--secreting tubules from NaHCO3-loaded rabbits have a significant degree of H+ secretion occurring simultaneously with HCO secretion, complete inhibition of H+ secretion by bath DIDS would be expected to increase the net has been proposed to exist at the basolateral membrane of rabbit cortical collecting tubules (16) . Therefore, we attempted to inhibit cAMP-stimulated HCO-secretion by pharmacologic inhibition of the Na+-H+ exchanger. Tubules from HCO--loaded rabbits were perfused with solution A containing These two possibilities will require further study. We cannot be certain from the present data whether cAMPstimulated HCO-secretion represented active transport, passive transport, or some combination of the two. When cAMP-or isoproterenol-treated tubules are considered as a group (Table  III) , the collected fluid HCO-concentration can be entirely accounted for by the electrochemical driving forces; i.e., HCO3 secretion could be passive. On the other hand, several lines of evidence argue against purely passive HCO3 transport. First, ADH, like cAMP, tended to depolarize VT, but ADH was associated wjth a fall in HCO3 secretion. Second, there was no correlation between the magnitude of the change in VT and that of HCO3 secretion produced by cAMP or isoproterenol. Thus, changes in VT are not necessarily accompanied by changes in HCO3 flux, which would be expected for passive diffusion. Others have also found VT and HCO3 flux to be poorly correlated (1) . Third, under conditions that we would expect to inhibit transcellular HCO3 transport (0 Cl-solutions plus bath DIDS), cAMP produced no significant change in the HCO3 permeability coefficient (Table IV) . If we assume that cAMP effects on paracellular HCO3 permeability are the same in the presence and absence of Cl-and bath DIDS, then the HCO3 permeability measured in 0 Cl-solutions and with bath DIDS can be compared with that permeability that would be theoretically required to yield, via passive diffusion, the cAMPand isoproterenol-stimulated HCO3 fluxes measured in the presence of Cl-and without bath DIDS. Such calculations (using the Goldman-Hodgkin-Katz equation) show that a HCO-permeability of 19.1 X 10-6 cm/s would be required to account, by diffusion, for the observed HCO-secretory flux in Cl--bathed cAMP-treated tubules, and of 37.7 X 10-6 cm/ s in the isoproterenol-treated tubules. Both of these values are significantly different from the measured post-cAMP HCO3 permeability of 1.88±2.48 (SD) X 10-6 cm/s. The major drawback of this approach is that we do not know whether possible cAMP effects on paracellular HCO-permeability would or would not be expressed in 0 Cl-solutions and in the presence of bath DIDS. Further experiments involving measurements of cellular and paracellular HCO-conductance in the presence of cAMP will be required to answer this question. Even if We can only speculate on the mechanism of the depolarization of VT produced by cAMP. At the apical membrane, cAMP could decrease Na' conductance or increase K+ conductance. Because cAMP appears to have no effect on Na' transport (20, 21) and has been reported to inhibit K+ secretion (21) (24) (25) (26) (27) , it is possible that cAMP 'increases basolateral Cl conductance in this epithelium. Such an effect might enhance apical Cl--HCO exchange by favoring conductive cell Cl exit at the basolateral membrane. This possibility must also be directly examined. Such a scheme does not exclude direct cAMP effects on a Cl--HCO exchanger.
The present results can be compared with those in the turtle bladder, in which cAMP has been reported to inhibit H+ secretion (28) , stimulate H+ secretion (29) , increase passive HCO5 permeability (30) , and stimulate electrogenic HCO0 secretion (31). Although we cannot rule out a small inhibition of H+ secretion in the cortical collecting tubule by cAMP, such an effect by itself cannot account for the changes in HCO secretion. cAMP certainly does not stimulate H+ secretion alone, nor does it appear to stimulate electrogenic HCO secretion. As previously discussed, we cannot rule out an effect of cAMP on passive HCO permeability in Cl--containing solutions.
A very important result of our studies is that isoproterenol, but not ADH, mimicked the cAMP effect on HCO secretion. Both isoproterenol and ADH stimulate adenylate cyclase in this epithelium (10) . However, whereas ADH stimulates osmotic water flow (32), isoproterenol does not (33) ; and whereas isoproterenol inhibits K+ secretion, ADH does not (21) . In addition, Tago et al. have recently reported that isoproterenol and cAMP stimulate lumen-to-bath 36CI movement, whereas ADH does not (34) . All of these studies strongly suggest the existence of either separate pools of hormone-sensitive adenylate cyclase/cAMP in the same collecting tubule cell and/or cellular heterogeneity in the distribution of hormone-linked adenylate cyclase. The latter possibility seems particularly likely, given the existence ofat least two cell types (principal and intercalated) in this nephron segment (35) . Because intercalated cells contain abundant carbonic anhydrase (36), it seems likely that isoproterenol-stimulated HCO-secretion, and perhaps Cl reabsorption by Cl--HCO-exchange (33, 34) , are accomplished by intercalated cells. Proof of this hypothesis will require combined morphological and functional studies.
Finally, the present results are relevant to the pathophysiology of volume-contraction, Cl-depleted metabolic alkalosis. It has been known for some time that Cl-is critical to the correction of volume-contraction metabolic alkalosis (37) . Volume contraction clearly stimulates renal efferent nerve activity (38) , and cortical collecting tubules appear to receive innervation and to possess fi-adrenergic receptors (39, 40) .
Therefore, cortical collecting tubules under volume-contracted conditions in vivo might be expected to correspond to our in vitro tubules treated with isoproterenol. In vivo studies have shown that, under volume-contracted conditions, provision of Cl alone without concomitant volume expansion increases urinary Cl concentration and allows correction of metabolic alkalosis (41) . Although this phenomenon has previously been attributed to alterations of plasma renin and aldosterone levels (41) , the present studies (Fig. 7) (42) . A reduction in adrenergic-stimulated collecting tubule HCO5 secretion may also conceivably play a role in the lower urine Pco2 concentrations observed in acutely volume-expanded animals (43) .
